Firre encodes a lncRNA involved in nuclear organization in mammals. Here we find that Firre RNA is transcribed from the active X chromosome (Xa) and exerts trans-acting effects on the inactive X chromosome (Xi). Allelic deletion of Firre on the Xa in a mouse hybrid fibroblast cell line results in a dramatic loss of the histone modification H3K27me3 and of components of the PRC2 complex on the Xi as well as the disruption of the perinucleolar location of the Xi. These features are measurably rescued by ectopic expression of a mouse or human Firre/FIRRE cDNA transgene, strongly supporting a conserved trans-acting role of the Firre transcript in maintaining the Xi heterochromatin environment. Surprisingly, CTCF occupancy is decreased on the Xi upon loss of Firre RNA, but is partially recovered by ectopic transgene expression, suggesting a functional link between Firre RNA and CTCF in maintenance of epigenetic features and/or location of the Xi.
Introduction
We conclude that Firre and CrossFirre are both transcribed from the Xa in Patski cells, since deletion of the entire Firre locus on the Xa results in undetectable RNA and its antisense. Note that Firre was originally identified as a gene that escapes XCI in both human and mouse 21, 28, 32 . However, our current results and those reported in Firre KO mouse ES cells and in a Firre KO mouse model clearly show that Firre is predominantly expressed from the Xa 31, 35 .
2. Firre RNA transcribed from the Xa acts in trans to maintain PRC2 and H3K27me3 on the Xi
To determine whether any of the allelic alterations of the Firre locus we constructed (ΔFirre Xa , ΔFirre Xi , and InvFirre Xi ) influences epigenetic marks on the Xi, we performed immunostaining analyses of H3K27me3, H2AK119ubi, and macroH2A.1 combined with RNA-FISH for Xist to locate the Xi. The majority of nuclei (>95%) had one Xist cloud in all cell lines tested, indicating no disruption of Xist RNA coating on the Xi ( Figure   2A ). As expected, a strong H3K27me3 cluster was observed on the Xi in more than 80% of nuclei from WT cells. Surprisingly, ΔFirre Xa cells showed a significant reduction by 90% (p <10 -6 , Fisher's exact test) in the number of nuclei with a H3K27me3 cluster on the Xi ( Figure 2B ; Table 1 ). In these nuclei H3K27me3 appeared uniformly mottled throughout the nucleus. In contrast, ΔFirre Xi and InvFirre Xi cells showed no significant changes in the number of nuclei with a strong H3K27me3 cluster (80%). No significant changes were observed on the Xi for two other repressive epigenetic modifications known to be associated with XCI, H2AK119ubi and macroH2A.1, when comparing WT and ΔFirre Xa ( Figure 2C ).
To determine whether H3K27me3 immunostaining intensity decreased specifically on the Xi in ΔFirre Xa , nuclear regions outside the Xi were examined by ImageJ to quantify fluorescence intensity of these regions using normalization to DNA staining or to histone H4 immunostaining 36 . This analysis showed no significant difference in H3K27me3 fluorescence intensity between WT and ΔFirre Xa cells in regions outside the Xi (Supplementary Figure S1 ). However, we cannot exclude the possibility of subtle/local changes in the level of H3K27me3 outside the Xi that are undetectable by immunostaining.
The loss of H3K27me3 on the Xi in ΔFirre Xa nuclei was confirmed by ChIP-seq, which allowed for a detailed analysis of the distribution of the histone mark throughout the genome. In both WT and ΔFirre Xa the distribution of allelic proportions (spretus/(spretus+BL6)) across H3K27me3 peaks for the autosomes centered close to the anticipated 0.5 reflecting a similar enrichment between alleles ( Figure 2D ). In contrast, the distribution of allelic proportions for the X chromosomes (Xa/(Xa+Xi)) was centered at ~0. 35 in WT cells, consistent with a specific enrichment of H3K27me3 on the BL6 Xi. In ΔFirre Xa cells there was a marked shift to higher values (~0.5), consistent with loss of H3K27me3 on the Xi as shown by immunostaining ( Figure 2B , D). Diploid H3K27me3 peaks with sufficient SNP read coverage (>5) were designated as either spretusspecific or BL6-specific based on an allelic proportion (spretus/(spretus+BL6)) greater than 0.7 or lower than 0.3, respectively, with the remaining peaks (0.3-0.7) classified as common. Note that the percentage of Xlinked H3K27me3 common peaks increased due to a decrease in BL6-specific peaks in ΔFirre Xa compared to WT ( Figure 2E ). Profiles of Xi-associated H3K27me3 peak density demonstrated a chromosome-wide decrease along the Xi in ΔFirre Xa compared to WT ( Figure 2F ). Metagene analyses of X-linked genes confirmed a dramatic decrease of H3K27me3 occupancy along X-linked genes from TSS to TES on the Xi in ΔFirre Xa (Figure 2G) . Similarly, analyses of LINE and SINE repeats also suggest a partial loss of H3K27me3 in these regions on the Xi in ΔFirre Xa (Figure 2H ). To extend our observations to a different cell line, we used a double siRNA treatment to knockdown Firre in primary WT mouse embryonic fibroblasts (MEFs), which achieved a >67% reduction in level of Firre RNA. This resulted in a significant reduction by 43% (p <10 -4 ) in the number of nuclei with an intense H3K27me3 staining cluster, supporting our observations in Patski cells ( Figure 2I ; Table 1 ).
Next, we investigated SUZ12, a subunit of the PRC2 complex (Polycomb Repressive Complex 2), using CUT&RUN analyses to compare enrichment on the Xi in WT and ΔFirre Xa . Again, the distribution of allelic proportions (Xa/(Xa+Xi)) for each individual peak showed a pronounced shift toward higher values (~0.75)
for the X chromosomes in ΔFirre Xa compared to WT, while allelic proportions (spretus/(spretus+BL6)) for the autosomes were close to the anticipated 0.5 in both samples ( Figure 2J ). Taken together, these results show that loss of Firre RNA leads to a decrease in the PRC2 core component SUZ12, consistent with a decrease in H3K27me3 on the Xi.
We conclude that Firre RNA transcribed from the Xa specifically helps target PRC2 for H3K27me3 enrichment on the Xi in trans, but does not influence two other repressive marks associated with XCI, H2AK119ub and macroH2A.1. In contrast, deletion of the Firre locus on the Xi has no effect on H3K27me3 staining.
The loss of H3K27me3 on the Xi can be rescued by a Firre cDNA transgene
To test the possibility of a rescue of the phenotype and confirm a causative role of Firre RNA on H3K27me3 enrichment on the Xi, ΔFirre Xa cells were transfected with a mouse Firre cDNA transgene. As measured by RNA-seq Firre expression was restored to a near-normal level after transfection into ΔFirre Xa cells. Ectopic expression of the mouse Firre cDNA in ΔFirre Xa+mtransgene cells rescued the presence of a strong H3K27me3 cluster in 40% of nuclei, supporting a trans-acting role for the RNA (Figure 3A , B; Table 1 ). Interestingly, ectopic expression of a human FIRRE cDNA in ΔFirre Xa+htransgene cells also partially rescued the H3K27me3 cluster on the mouse Xi, suggesting partial functional compatibility between species despite sequence divergence ( Figure 3A , B; Table 1) 22 .
The role of Firre RNA in XCI was further examined in primary mouse embryonic fibroblasts (MEFs) grown from both heterozygous (Firre +/-HET) and homozygous (Firre -/-KO) female mice from a Firre KO mouse model 33 . H3K27me3 immunostaining of MEFs derived from the Firre KO mouse model showed a slight decrease (15-20%) in the proportion of cells with an intense staining cluster on the Xi ( Figure 3C ; Table 1 ).
Interestingly, induction of Firre expression in either heterozygous or homozygous MEFs with an ectopic doxycycline (DOX)-inducible plasmid copy of Firre cDNA integrated in the genome resulted in a strong increase in the percentage of cells with a H3K27me3 cluster (>80%), suggesting that ectopically expressed Firre RNA can enhance enrichment in H3K27me3 on the Xi in trans in the mouse KO model ( Figure 3C ; Table   1 ). H3K27me3 immunostaining in liver, kidney and brain sections derived from homozygous (Firre -/-KO) female mice showed no significant decrease of H3K27me3 on the Xi ( Figure 3D ; Table 1 ).
Taken together, these observations support a role for Firre RNA in maintenance of H3K27me3 on the Xi in differentiated cells. Importantly, a mouse transgene can rescue the loss of H3K27me3 in mutant cells, indicating that RNA from a Firre plasmid can perform the trans-effect. Surprisingly, this rescue can also be achieved, at least in part, by a human FIRRE transgene, indicating partial conservation of the lncRNA function.
The lesser magnitude of changes in H3K27me3 observed in cells from Firre KO mice suggests potential compensatory pathways that may act during early development to maintain H3K27me3 on the Xi in KO mice.
Firre RNA transcribed from the Xa acts in trans to help maintain nuclear location of the Xi
We next examined the effects of allelic Firre deletions on the location of the Xi in relation to the nucleolus and the lamina. In WT, ΔFirre Xi and InvFirre Xi cells the Xi position was determined by H3K27me3 and nucleophosmin immunostaining to locate the Xi and the nucleoli, respectively ( Figure 4A ). Since the H3K27me3 cluster is compromised in ΔFirre Xa , Xist RNA-FISH was applied in combination with nucleophosmin immunostaining in ΔFirre Xa cells. The Xi location marked by the H3K27me3 cluster or the Xist signal was scored as adjacent to either the nucleolus surface, the nuclear periphery, or neither, in a minimum of 200 nuclei. Deletion of Firre from the Xa resulted in a significant reduction by 40% (p <0.0001) in the number of nuclei with Xi-nucleolus association and by 50% (p <0.0001) in the number of nuclei with Xi-nuclear periphery association ( Figure 4B ). Importantly, ectopic expression of a mouse cDNA transgene in ΔFirre Xa+mtransgene cells partly rescued Xi-nucleolus and Xi-nuclear periphery associations ( Figure 4B ; Table 1 ).
Deletion or inversion of Firre from the Xi did not alter the location of the Xi (Figure 4A , B; Table 1 ). Similar analyses in a Firre knockdown obtained in MEFs confirmed a decrease in Xi-nucleolus and Xi-nuclear periphery association ( Figure 4C ; Table 1 ).
CTCF has been implicated in nucleolus association of genomic regions, and we have previously shown that CTCF knockdown abolishes Xi-nucleolus association in Patski cells 21, 37 . To further investigate the role of CTCF in positioning the Xi we used CUT&RUN to profile allelic CTCF binding, which showed a strong decrease on the Xi in ΔFirre Xa cells ( Figure 4D ). Indeed, the distribution of allelic proportions (Xa/(Xa+Xi)) for CTCF peaks on the X chromosomes showed a pronounced shift toward higher values (~0.85) in ΔFirre Xa compared to WT (~0.65), while allelic proportions (spretus/(spretus+BL6)) for the autosomes were close to the anticipated 0.5 ( Figure 4D ). Thus, while there is less CTCF binding on the Xi versus the Xa in WT as expected, CTCF binding is even lower on the Xi in ΔFirre Xa ( Figure 4E ). Interestingly, in ΔFirre Xa+mtransgene cells the distribution of allelic proportions for the X chromosomes becomes binomial, suggesting partial restoration of CTCF binding on the Xi ( Figure 4D ).
We conclude that Firre RNA transcribed from the Xa or from an ectopic mouse cDNA transgene can influence in trans the location of the Xi within the nucleus. Loss of Firre RNA results in a loss of CTCF binding on the Xi, suggesting potential cooperation between Firre RNA and CTCF in maintenance of Xi location.
Loss of Firre RNA results in changes in gene expression in Patski cells
Next, we examined changes in total gene expression (representing autosomal and X-linked gene expression without discrimination between alleles) in ΔFirre Xa cells. About 11% and 14% percent of genes with expression (≥1TPM) in at least one condition were upregulated and downregulated, respectively, in ΔFirre Xa compared to WT ( Supplementary Table S5 ). A large proportion of these dysregulated genes were rescued in ΔFirre Xa+mtransgene cells ( Figure 5A , B, Supplementary Figure S2A , Supplementary Tables S5，S6). Similar results were obtained when considering genes located on autosomes that showed no evidence of copy number changes in WT and ΔFirre Xa (Supplementary Figure S2B , Supplementary Table S7 ). GO analysis showed that the top 20 GO terms for genes upregulated in ΔFirre Xa and rescued in ΔFirre Xa+mtransgene are related to cell cycle, DNA replication, chromosome segregation, and immune cell function, while a similar analysis for downregulated genes showed they are mainly implicated in development, differentiation and metabolism ( Figure 5A , B; Supplementary Table S8 ). A search for dysregulated genes that may be implicated in histone H3K27 methylation showed that Ezh1, Hist1h1e and Hist1h1c are downregulated genes and Mki67 is upregulated.
To determine whether X-linked gene expression was specifically disrupted upon loss of Firre RNA we evaluated allelic gene expression. On the Xi only 6/352 genes known to be subject to XCI show >2-fold upregulation in ΔFirre Xa cells, suggesting that Firre RNA depletion has a minor effect on gene reactivation on the Xi (Figure 5C , Supplementary Tables S3, S5 ). Four of the reactivated genes are located at the distal end of the Xi where higher accessibility and decreased contact density is observed by ATAC-seq and Hi-C (see below). Although their number is small, a greater proportion of genes that escape XCI (10-14%) were dysregulated compared to genes subject to XCI (2-3%) ( Figure 5C , Supplementary Table S5 ). On the Xa about 4-8% of genes were dysregulated (Supplementary Figure S2C , Supplementary Tables S3, S5 ). A majority of dysregulated X-linked genes (70-77%), including all 4 upregulated escape genes, were rescued in ΔFirre Xa+mtransgene (Supplementary Figure S2D , Supplementary Tables S3, S5 ).
Next, we investigated whether gene dysregulation may reflect changes in epigenetic features. Metagene plots of genes grouped based on their expression changes in ΔFirre Xa and ΔFirre Xa+mtransgene together with profiles of individual genes showed a slight increase in H3K27me3 for downregulated genes, and very little or no change in H3K27me3 for upregulated genes or for genes with unchanged expression ( Supplementary   Figure S2E , F). Note that 90% of dysregulated genes have no H3K27me3 enrichment in either WT or ΔFirre Xa .
Using CUT&RUN analysis for two active epigenetic marks, H3K36me3 and H3K4me3, we found no significant changes on the Xi in ΔFirre Xa compared to WT, consistent with little Xi reactivation (Supplementary Figure S3A 
Allelic alterations of Firre cause localized changes in Xi structure
Chromatin accessibility was measured by ATAC-seq. As expected, in WT cells the distribution of autosomal allelic proportions (spretus/(spretus+BL6)) centered at 0.5, while the X-chromosome allelic proportions (Xa/(Xi+Xa)) were skewed towards the Xa (0.95), indicative of fewer ATAC peaks and lower chromatin accessibility on the Xi. This pattern did not change in ΔFirre Xa cells, indicating no overall change in chromatin accessibility on the Xi, consistent with near absence of reactivation ( Figure 6A , B). Plots of Xi-associated ATAC peak density in ΔFirre Xa captured the low accessibility profile of the Xi in both WT and ΔFirre Xa . However, a higher peak density was observed in the telomeric region of the Xi in ΔFirre Xa where some reactivated genes are located ( Figure 5C ; 6C). ATAC-seq patterns and allelic proportions were unchanged in ΔFirre Xi and InvFirre Xi cells (Supplementary Figure S4A Interestingly, a pronounced shift to lower values in the distribution of allelic proportions for the X chromosomes (peak at ~0.55) was observed in the double mutant compared to ΔDxz4 Xi (peak at ~0.85) and to ΔFirre Xi (peak at ~1), indicating increased chromatin accessibility on the Xi in the double mutant ( Figure 6D ).
In situ DNase Hi-C was done to generate high-resolution allele-specific contact maps in cells with alterations at the Firre locus. ΔFirre Xa cells retained the characteristic bipartite structure of the Xi, but changes were detected in contact distribution ( Figure 7A, Supplementary Figure S5A ). Specifically, contacts in the centromeric superdomain (ChrX:5-75Mb) were attenuated, while contacts in a region within the telomeric superdomain between Dxz4 and Xist (ChrX:75-100Mb) were strengthened. Interestingly, a loss of contacts was observed in the distal telomeric region (ChrX:165-170Mb) of the Xi, corresponding to a region that contains reactivated genes with increased chromatin accessibility as described above ( Figures 5C, 6C , 7A).
A previous study reported that the strong TAD boundary located at Firre is preserved but weakened upon deletion of the locus in MEFs 23 . Our current allelic analyses show a strong boundary at or close to the Firre locus on the Xi and a weaker boundary on the Xa in WT cells, the latter being abrogated on the Xa but not on the Xi in ΔFirre Xa (Figure 7B, Supplementary Figure S5C ). Insulation score analysis confirms loss of insulation around Firre only on the Xa in ΔFirre Xa ( Figure 7C ). In contrast, the TAD boundary around the Firre locus is maintained upon deletion and inversion of the locus on the Xi (Supplementary Figure S5C ).
In ΔFirre Xi cells the Xi bipartite structure was intact, but there was an increase in contacts within the centromeric (ChrX:50-75Mb) and telomeric (ChrX:75-100Mb) superdomains, and between the two superdomains, suggesting that the Firre locus, though not essential, acts in cis to help shape the bipartite structure of the Xi (Figure 8A , Supplementary Figure S5B ). Similarly, InvFirre Xi cells showed persistence of the bipartite structure, but also a redistribution of contacts around the Firre locus ( Figure 8A , Supplementary Figure S5B ). By virtual 4C we observed a loss of contacts between Firre and the centromeric region (ChrX:42-50Mb) and a gain of contacts between Firre and Dxz4 (ChrX:50-75 Mb), suggesting that Firre contacts along the Xi are orientation-dependent ( Figure 8B ), reminiscent to the orientation-dependent contacts made by
We conclude that loss of Firre RNA causes few changes in chromatin accessibility, but analysis of a double mutant shows cooperation between Firre and Dxz4 in maintenance of condensed chromatin on the Xi. Alterations in contact distribution on the Xi upon loss of Firre RNA suggest that the lncRNA exerts transeffects on the 3D structure of the Xi, potentially due to loss of H3K27me3 and of CTCF. Deletion or inversion of the silent Firre locus on the Xi exerts a cis-effect on the Xi structure.
Discussion
Studies of lncRNAs support the notion that these molecules can either spread in cis from their genomic locus or localize to cellular compartments away from their own locus of transcription to perform essential functions in regulating gene expression [38] [39] [40] [41] . Here, we report that the lncRNA Firre is transcribed from the Xa and then acts in trans to maintain epigenetic features and nuclear location of the Xi. Importantly, ectopic expression of Firre RNA from a cDNA transgene partially rescues the loss of H3K27me3 or CTCF on the Xi and the association of the Xi to the nucleolus, supporting a trans-acting role. Loss of Firre RNA does not cause reactivation of the Xi, but results in dysregulation of genes implicated in cell division and development, which is also rescued by a transgene.
Interestingly, other lncRNAs play important roles in nuclear structure as they fold into higher-order structures and act in cooperation with proteins including chromatin-modifying complexes 42 . Xist provides the quintessential example of a lncRNA that acts in cis and spreads along an entire chromosome to recruit a series of proteins that implement X chromosome silencing 3, 20, 42 . In contrast, Firre acts in trans to recruit SUZ12 and possibly other components of PRC2 to maintain H3K27me3 on the Xi and potentially on other regions of the genome. Examples of trans-effects have been reported for the lncRNAs Fendrr essential for proper heart development and Pint important in cell proliferation, both of which recruit the PRC2 complex for H3K27 tri-methylation of loci located on other chromosomes 43, 44 . Another lncRNA, Meg3, recruits two PRC2 components, JARID2 and EZH2, to facilitate H3K27me3 deposition and repression of specific genes in trans 45, 46 . Interestingly, Meg3 has an additional cis-activating role, by sequestration of PRC2 to prevent DNA methylation-induced repression of genes within the Meg3-Mirg imprinting cluster 47, 48 .
Loss of Firre RNA in Patski cells (derived from kidney from an 18.5dpc embryo) and MEFs (derived from a 13.5dpc embryo) causes a significant loss of H3K27me3 and of the PRC2 subunit SUZ12 enrichment on the Xi as well as a loss of nucleolar and lamina association of the Xi. We postulate that the nucleolus/lamina association of the Xi may be coupled with H3K27me3 enrichment and maintenance of heterochromatin.
Supporting this notion is the previously reported finding of Xi decondensation as evidenced by sparser H3K27me3 staining when the Xi is away from the nucleolus or nuclear periphery 49 . The nucleolus has emerged as a platform for the organization of chromatin enriched in repressive histone modifications [17] [18] [19] 50 .
For example, in fibroblasts and cancer cells loss of the nucleolar protein NPM1 (nucleophosmin) results in deformed nucleoli and in redistribution of H3K27me3 51 . A recent study shows that deleting Xist also results in losses of both H3K27me3 and nucleolar association of the Xi 52 . However, we did not observe disruption of Xist RNA expression nor coating on the Xi in ΔFirre Xa cells. We thereby propose that Firre may have a role in maintenance of H3K27me3 and nucleolar association independent of Xist. This role may be in part mediated by CTCF, an important factor that facilitates interactions between genomic regions and the nucleolus 37 . Indeed, we found a significant loss of CTCF binding on the entire Xi when Firre RNA is absent, which could explain abnormal anchoring of the Xi to the nucleolar periphery. Other factors may be implicated, since we found that loss of Firre RNA also causes downregulation of Ezh1, a protein implicated in H3K27 trimethylation, and of the linker histone H1 important in chromatin condensation 53, 54 .
Importantly, the loss of H3K27me3 and of CTCF and the abnormal location of the Xi could all be rescued at least in part by a mouse Firre cDNA transgene and to a lesser extent by a human FIRRE cDNA transgene.
These findings imply that sequences that mediate maintenance of H3K27me3 and location of the Xi are present in the exons of the gene. Previous studies have shown that repeats (RRD) contained in Firre/FIRRE exons display 65% identity between the species, and that these repeats bind the nuclear matrix protein hnRNPU 22, 32 . This nuclear organizer protein is known to associate with Xist and the Xi, as well as to multiple other regions of the genome 21, 22, 24, [55] [56] [57] [58] .
Our results are consistent with dosage effects of Firre, since addition of an ectopic transgene increased H3K27me3 to high levels on the Xi in all cell types tested. Overexpression of Firre was found to impact the frequency of natural killer cells and disrupt hematopoietic stem cell transplantation 31, 33 . Amplification of FIRRE, along with two neighboring genes, IGSF1 and OR13H1, has been implicated in periventricular nodular heterotopia that causes epilepsy in humans, suggesting that the dosage of FIRRE RNA is critical to normal cellular physiology 59 . Furthermore, high FIRRE expression in several tumor types, especially kidney clear cell carcinoma, brain lower grade glioma and liver hepatocellular carcinoma is associated with decreased survival rates 60 .
Surprisingly, we did not observe a loss of H3K27me3 enrichment on the Xi in tissue sections from brain, kidney and liver from Firre KO mice. Similarly, Froberg and colleagues reported that mouse ES cells with a Firre deletion on the Xa, the Xi or on both alleles show no loss of H3K27me3 on the Xi after differentiation 35 .
Thus, Firre may play a role in maintenance but not in initiation of H3K27me3 enrichment on the Xi.
Alternatively, these conflicting results may be explained by cell type/tissue differences, and/or by compensatory mechanisms in early development.
We found gene dysregulation in cells without Firre RNA, which could be rescued by a mouse Firre cDNA transgene. Similar to our observations unspecific expression changes in genes implicated in cell cycle and in development have been reported for other ablated lncRNAs, which may reflect changes in cell growth (Goff et al., 2015) . A new study reports that Firre KO mice show organ-dependent autosomal gene dysregulation, with more differentially expressed genes in spleen than in other tissues 31 . Concordantly, Firre KO mice have abnormalities in B-and T-cell physiology, that can be rescued by ectopic expression of Firre from autosomes defining a trans-acting role in vivo 33 . In human cells, induced loss of FIRRE RNA causes dysregulation of inflammatory gene expression 24 . The changes in gene expression we observed in kidney-derived Patski cells mainly affect cell cycle and development, which differ from those reported in Firre KO mouse spleen, suggesting tissue-specific differences and/or compensatory mechanisms during early development. Such compensatory effects in KO organisms can mask phenotypes 61 . The minor dysregulation of X-linked genes and lack of changes in Xi structure and chromatin accessibility observed in ΔFirre Xa cells despite H3K27me3 loss on the Xi are consistent with multiple silencing layers of XCI control, and agree with a new report of normal imprinted XCI in placenta of Firre KO mice 31 . It should also be noted that H3K27me3 and gene expression changes do not necessarily correlate 62, 63 .
We found that inversion of Firre on the Xi results in an orientation-dependent contact redistribution, which supports an essential role for CTCF motif orientation in the formation of higher-order chromatin structure 64 .
We reported a similar but stronger effect at Dxz4 after its inversion due to reorientation of unidirectional CTCF binding motifs 29 . The Firre/FIRRE loci bind CTCF preferentially on the Xi via canonical motifs located within their introns 21, 22, 65 . In contrast, the multiple CTCF motifs at the Firre locus have divergent orientations, with four motifs pointing to the telomere and eight to the centromere 22 . Here, we found that inter-superdomain interactions increase in cells with a deletion of the Firre locus on the Xi, suggesting a role for Firre in helping to insulate the two superdomains perhaps via a superloop with Dxz4 27 . Gain of chromatin accessibility in a double mutant line ΔFirre Xi /ΔDxz4 Xi support a synergistic role for the two lncRNA loci in the compaction of the Xi.
Methods

Cell lines and tissues
The Patski cell line, originally derived from embryonic kidney (18.5 dpc) from a cross between a female C57BL/6J (BL6) with an Hprt BM3 mutation and a male Mus spretus (spretus), was previously selected in HAT (hypoxanthine-aminopterin-thymidine) medium so that the Xi is always from BL6 66, 67 . Primary fibroblast cultures were also derived from a 13.5 dpc female F1 embryo with skewed X inactivation toward the spretus X chromosome due to an Xist mutation of the BL6 X chromosome 68 . Cells were cultured as described and the presence of normal X chromosomes verified by karyotyping 29 .
Tissues (liver, kidney, brain) were collected from a Firre KO mouse model 33 Tissues were collected from heterozygous and homozygous mutants and control female mice verified by genotyping. Ectopic expression of Firre induced by doxycycline (DOX) injection in mice was done as described 33 Mouse embryonic fibroblasts (MEFs) were derived from 13.5 dpc embryos of mutant (heterozygous and homozygous) and control female mice.
For ectopic Firre expression assays in Patski cells and in MEFs, a mouse Firre cDNA plasmid (mtransgene; Dharmacon BC055934) or a human FIRRE cDNA plasmid (htransgene; Dharmacon BC03858) were each transfected together with the selectable marker pPGK-Puro plasmid (gift from R. Jaenisch;
Addgene 11349) into ΔFirre Xa cells using Lipofectamine 3000 (Invitrogen). After transfection, ΔFirre Xa+mtransgene or ΔFirre Xa+htransgene were selected in Eagle's medium with 2µg/ml puromycin for 72h, followed by recovery in Eagle's medium with 1µg/ml puromycin for 10 days.
Allele-specific CRISPR/Cas9 editing and RNAi knockdown
For allele-specific CRISPR/Cas9 editing of the endogenous Firre locus, three highly specific sgRNAs with BL6 or spretus SNPs at the PAM site and with low off-target scores were chosen and aligned back to the reference genome using BLAT (UCSC) to verify specificity ( Supplementary Table S1 ). The sgRNAs cloned into px330 plasmids (Addgene) were transfected into wild-type (WT) Patski cells using Ultracruz reagents (Santa Cruz). A Patski line with a deletion of Dxz4 was also transfected to generate a double mutant ΔFirre Xi /ΔDxz4 Xi 29 . Single-cell derived colonies were selected and deletions or inversions of the targeted Firre locus verified using PCR and Sanger sequencing to confirm allele-specific editing ( Supplementary Table S2 ).
Firre RNAi knockdown was performed as described 21 . Cells were harvested after double siRNA treatment and qRT-PCR performed to verify knockdown efficiency.
Immunofluorescence, RNA-FISH and DNA-FISH
Immunofluorescence was done on cells grown on chamber slides, fixed with paraformaldehyde, permeabilized, and blocked as described previously 21 . Mouse liver, kidney and brain were embedded in a cassette and sectioned by the University of Washington histopathology service center. Tissue sections (5µm) were permeabilized using 0.5% Triton X-100 for 10min and fixed in 4% paraformaldehyde for 10min. After incubation with a primary antibody specific for H3K27me3 (Upstate/Millipore, #07-449), H2AK119ubi (Cell Signaling #8240S), macroH2A (Abcam, #ab37264), or nucleophosmin (Abcam, #ab10530) overnight at 4°C in a humidified chamber cells/tissue sections were washed in 1x PBS buffer and incubated with a secondary antibody conjugated to Texas Red (anti-rabbit, Vector # TI-1000) or fluorescein (anti-mouse, Vector, # FI-2100). RNA-FISH was done using a labeled 10kb Xist cDNA plasmid (pXho, which contains most of Xist exon 1) as described 21 . DNA-FISH was done using labeled BAC probes containing Firre (RP24-322N20) or Dxz4 (RP23-299L1) 29 .
Slides were examined by fluorescence microscopy to score the number of nuclei with enrichment in each histone modification on the Xi, using Xist RNA-FISH for Xi identification. A minimum of 200 nuclei were scored per cell type by at least two observers. Measurements of overall H3K27me3 staining intensity outside the Xi cluster were done in a minimum of 100 nuclei using ImageJ 36 . To minimize the experimental variance, a mixture of 80% ΔFirre Xa and 20% WT cells were grown in the same chamber prior to immunostaining with H3K27me3 and a control histone panH4 (Abcam ab10158) together with DNA counterstaining with Hoechst 33342. Selected nuclear areas away from the Xi were used for measurement of H3K27me3 median intensity, with same-area normalization to either Hoechst 33342 or panH4 staining. Comparisons between WT and ΔFirre Xa were done by calculating either the H3K27me3 staining intensity versus Hoechst 33342 or panH4 for WT and ΔFirre Xa cells separately, or the relative H3K27me3 staining intensity in ΔFirre Xa cells versus WT cells present in the same microscope field. The location of the Xi with respect to the nuclear periphery and the edge of the nucleolus (labeled with nucleophosmin) was recorded for at least 200 cells.
Allelic in situ DNase Hi-C, ATAC-seq, RNA-seq, ChIP-seq and CUT&RUN, In situ DNase Hi-C was done on intact nuclei from ΔFirre Xa , ΔFirre Xi , InvFirre Xi , and WT cells as described 29, 69 . Hi-C libraries were sequenced using 150bp paired-end reads. ATAC-seq on ΔFirre Xa , ΔFirre Xi , InvFirre Xi , ΔFirre Xi /ΔDxz4 Xi and WT cells, and RNA-seq on ΔFirre Xa , ΔFirre Xa+mtransgene and WT cells were done as previously described 29 . ChIP-seq was done on ΔFirre Xa and WT cells using an antibody for H3K27me3 and an established protocol (Yang et al., 2015) . CUT&RUN was done on ΔFirre Xa , ΔFirre Xa+mtransgene and WT cells using antibodies for CTCF, and on ΔFirre Xa and WT for SUZ12 (Abcam ab12073 ) using a published protocol 70 . ATAC-seq, RNA-seq, ChIP-seq and CUT&RUN libraries were sequenced as 75bp pair-end reads. All sequencing datasets were analyzed to assign reads to the spretus or BL6 genomes using a previously developed allele-specific data analysis pipeline 29 . Micro-RNA-seq (less than 200nt) was done in ΔFirre Xa and WT Patski cells by BGI Genomics (https://www.bgi.com/us/). GO analysis was done using http://geneontology.org/.
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ChIP-seq, CTCF CUT&RUN and SUZ12 CUT&RUN read counts Box plots of the intensity of H3K27me3 staining relative to Hoechst 33342 or panH4 staining for WT (blue) and ΔFirre Xa (red). No significant differences were seen (p = 0.8690 for Hoechst normalization; p = 0.9585 for panH4 normalization with two-tail t test). B. Fold change of the intensity of H3K27me3 staining in ΔFirre Xa cells relative to the WT cells grown on the same slide and observed in the same microscope field. H3K27me3 staining was normalized either to Hoechst 33342 of to panH4. No significant deviations from a ratio of 1 were seen (p = 0.6551 for Hoechst normalization; p = 0.5986 for panH4 normalization with two-tail t test).
Supplementary Figure legends
Supplementary Figure S2 . X-linked gene expression changes in ΔFirre Xa versus WT are partially rescued by a mouse transgene. A. Rescue efficiency of dysregulated, upregulated and downregulated genes in ΔFirre Xa cells and WT. 1226 out of 1591 dysregulated genes, 652 out of 813 upregulated genes and 574 out of 778 downregulated genes are rescued or overcorrected (see Supplementary Table S5) Supplementary Table S5 ). E. in heterozygous and homozygous Firre KO females (Firre +/and Firre -/-) is lower than in WT MEFs but the difference is not significant (p = 0.0774 for Firre +/-; p = 0.0567 for Firre -/-). However, the percentage of nuclei with a H3K27me3 cluster increases significantly in MEFs with an inducible transgene after addition of doxycycline by Fisher's exact test (p <0.0001). D. Bar plots of the percentage of nuclei with a H3K27me3 cluster in tissues derived from WT and Firre KO mice show no significant differences (p = 0.9127 for brain, p = 0.8796 for liver, p = 0.762 for kidney). and ΔFirre Xa (red). A differential insulation score profile of the Xa (green) in ΔFirre Xa relative to WT based on 40kb resolution is shown below. The position of Firre and Dxz4 is indicated. Xi: ∆Firre Xi -WT Xi: Inv-Firre Xi -WT
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